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During interphase, centrosomes are connected by a
proteinaceous linker between the proximal ends of
the centrioles, which is important for the centro-
somes to function as a singlemicrotubule-organizing
center. However, the composition and regulation of
centrosomal linker remain largely unknown. Here,
we show that LRRC45 is a centrosome linker that
localizes at the proximal ends of the centrioles and
forms fiber-like structures between them. Depletion
of LRRC45 results in centrosome splitting during
interphase. Moreover, LRRC45 interacts with both
C-Nap1 and rootletin and is phosphorylated by
Nek2A at S661 duringmitosis. After phosphorylation,
both LRRC45 centrosomal localization and fiber-like
structures are significantly reduced, which subse-
quently leads to centrosome separation. Thus,
LRRC45 is a critical component of the proteinaceous
linker between two centrioles and is required for
centrosome cohesion.INTRODUCTION
The centrosome is the major microtubule-organizing center
(MTOC) in animal cells (Bornens, 2002; Nigg and Raff, 2009). It
facilitates the assembly of the spindle pole and plays important
roles in cell division (Bettencourt-Dias and Glover, 2007). In G1
phase, the centrosome is composed of a pair of centrioles and
surrounding electron-dense pericentriolar material (Delattre
and Go¨nczy, 2004). The two centrioles are connected by a loose
proteinaceous linker (Paintrand et al., 1992), which ensures that
they function as one MTOC (Nigg and Stearns, 2011). During the
G2/M transition, the linker between the centrioles is phosphory-
lated and gradually lost from the centrosome, and this initiates
centrosome separation. After nuclear envelope breakdown, the
two untethered centrosomes are separated in multiple path-
ways, such as the regulation of antiparallel microtubule sliding
by motor protein Eg5 (Tanenbaum and Medema, 2010), and1100 Cell Reports 4, 1100–1107, September 26, 2013 ª2013 The Aueventually form the bipolar spindle for achieving chromosome
segregation (Mardin and Schiebel, 2012).
Several proteins includingC-Nap1 (Fryet al., 1998;Mayoret al.,
2000), rootletin (Bahe et al., 2005; Yang et al., 2006), NIMA family
protein kinase 2 (Nek2) (Fry, 2002; Helps et al., 2000), and protein
phosphatase 1 (Meraldi and Nigg, 2001; Mi et al., 2007) are
involved in centrosomecohesion. Among them,C-Nap1 is a large
250 kDa protein localized at the proximal ends of the centrioles. It
provides a docking site for rootletin that is suggested to be a
component of the proteinaceous linker between two centrioles
(Mayor et al., 2000). Rootletin interacts with itself and forms poly-
mer with a fiber-like structure to link the pair of centrioles (Bahe
et al., 2005; Yang et al., 2002). Depletion of either C-Nap1 or
rootletin leads to premature centrosome separation, which is
also named centrosome splitting (Nigg, 2006). However, the split
centrosomes seemnot to block normal cell division. In somecan-
cer cell lines, the premature centrosome separation could even
increase the speed and the fidelity of mitosis (Kaseda et al.,
2012; Mardin et al., 2013; Mayor et al., 2000). The disassembly
process of the centrosomal linker is under the stringent regulation
of Nek2A, and both the protein level and kinase activity of Nek2A
are modulated during the cell cycle. As the activity of Nek2A
increases in the late S and G2 phases, the activity of protein
phosphatase 1, an antagonist of Nek2A, is decreased. Thus,
the centrosomal linkers, such as C-Nap1 and rootletin, are phos-
phorylated by Nek2A, which dissociates them from the centro-
somes, and results in their disassembly at the onset of mitosis
(Mardin and Schiebel, 2012; Nigg and Stearns, 2011). In addition,
several centrosome proteins including CEP68 (Graser et al.,
2007), CEP215 (Graser et al., 2007), and conductin (Hadjihannas
et al., 2010) are also reported to be associated with centrosome
cohesion, but the composition and structure of the centrosomal
linkers remain largely unknown. In this study, we found that
LRRC45, a 72 kDa protein, functions as a centrosome linker
component for the maintenance of centrosome cohesion.
RESULTS AND DISCUSSION
LRRC45, an uncharacterized protein, was supposed to be a
centrosome component (Andersen et al., 2003). Human
LRRC45 was predicted to contain several leucine-rich repeatthors
(LRR) domains (Kajava and Kobe, 2002) on the N terminus and
a long coiled-coil domain on the C terminus (Figure S1A). Its
orthologs were well conserved in many eukaryotes, including
Mus musculus, Xenopus, Danio rerio, and Gallus gallus
(Figure S1B).
To characterize LRRC45, we first generated a rabbit poly-
clonal antibody against recombinant human LRRC45. Western
blotting showed that the antibody specifically recognized a pro-
tein band of 72 kDa, as expected in three different mammalian
cell lines (Figure S1C). To confirm that LRRC45 is a centrosome
protein, we used discontinuous sucrose gradient centrifugation
to isolate cell fractions from lysates of HeLa cells. LRRC45
cofractionated with the centrosome proteins g-tubulin, Nek2A,
and especially C-Nap1 (Figure S1D). Moreover, we found that
LRRC45 was localized to the centrosome at all stages of the
cell cycle (Figure S1F), although its protein levels were lower in
mitosis (Figures S1G and S1H). These results suggest that
LRRC45 indeed is a centrosome component.
We then investigated the detailed localization of LRRC45
in the centrosome. Immunofluorescence staining of LRRC45
presented three dots in the centrosome of interphase cells
(Figure 1A). One of these dots was colocalized with Cep170
(Figure 1B), a marker of the distal end of the mother centriole
(Guarguaglini et al., 2005), whereas the other two showed
good overlap with C-Nap1, a protein localized at the proximal
ends of the centrioles (Yang et al., 2006) (Figure 1C). To deter-
mine the localization of LRRC45 precisely, we carried out immu-
noelectron microscopy. Anti-LRRC45 antibody did label the
proximal ends of the centrioles (Figure 1D). Interestingly, we
noted that antibody against LRRC45 also immunostained the
weak fiber-like structures between the two centrioles (Figure 1A,
arrowheads). To further confirm this localization, the centro-
somes were double immunostained with antibodies against
LRRC45 and rootletin, the centrosome linker protein marker
(Bahe et al., 2005; Yang et al., 2006). The results revealed that
LRRC45 was partially colocalized with rootletin and formed
fiber-like structures between the two centrioles in U2OS cells
(Figure 1E, arrowhead). These fiber-like structures appeared
stronger in MEF cells with primary cilia (Figure 1F, arrowhead).
Furthermore, the fiber-like structures formed by LRRC45 ap-
peared more clearly when using three-dimensional structured
illumination microscopy (3D-SIM) (Figure 1G, arrowheads).
Notably, immunostaining of LRRC45 revealed a ring-like struc-
ture at the distal end of the mother centriole (Figure 1G, arrows),
which was also observed by immunoelectron microscopy (Fig-
ure S1E). These data suggest that LRRC45 is localized at the
proximal ends of the centrioles (mother and daughter centrioles)
and forms fiber-like structures between them. In addition,
LRRC45, as a ring-like structure, localized to the distal end of
the mother centriole, may also be a component of the centro-
some appendages.
We next constructed several GFP-tagged truncated mutants
of LRRC45 to determine the domain mediating its centrosomal
localization (Figures 1H and 1I). In the full-length and the C termi-
nus (241–670 aa) of LRRC45-GFP-overexpressing cells, we
observed that the GFP signal accumulated at the centrosome
and colocalized with g-tubulin (Figure 1I, arrowheads), whereas
the other truncates displayed a diffuse distribution in the cyto-Cell Replasm (Figure 1I). Thus, the C terminus of LRRC45 is crucial for
its centrosomal localization.
Besides centrosomal localization, both high-level overex-
pressing GFP-tagged LRRC45 (LRRC45-GFP) and its C termi-
nus (LRRC45C-GFP) formed filament-like structures, whereas
the filaments of the C terminus appeared to be thinner than those
of the full-length, and some of them radiated from the centro-
some (Figure 2A). These filaments were neither colocalized
with nor dependent on microtubules (Figure S2A). Electron
microscopy showed that they were composed of individual
thin fibers 13–15 nm in diameter, and the thin fibers formed by
the C terminus could be arranged regularly forming cross-stri-
ated filaments (Figure 2B), suggesting that LRRC45 polymerizes
with itself to form a homopolymer. Therefore, we tested the self-
interaction of LRRC45 by coimmunoprecipitation assay in 293T
cells with LRRC45-GFP and LRRC45-Flag truncates’ co-overex-
pression. LRRC45-GFP was most obviously coimmunoprecipi-
tated with LRRC45C-Flag (Figure 2C). GST pull-down and yeast
two-hybrid assays further confirmed a strong interaction
between the C termini of LRRC45 (Figure S2B; Table S1). Com-
binedwith the immunofluorescence and electronmicroscopy re-
sults that the C termini of LRRC45 could form intact filament
alone (Figures 2A and 2B), these results suggest that the C termi-
nus of LRRC45 mediates the formation of a homopolymer. It is
noteworthy that sequence analysis showed a predicted SMC
(structural maintenance of chromosomes) (Hirano, 2006) domain
(244–537 aa) in the C-terminal coiled-coil domain of LRRC45
(Figure S1A). The SMCdomain forms a slim a helix rod-like struc-
ture (the tail domain) and mediates the dimerization of proteins
(Hirano, 2006; Melby et al., 1998), whereas the N-terminal LRR
domain of LRRC45 may have a spherical structure (the head
domain). We also noticed that the N terminus (1–240 aa) of
LRRC45 interacted with both its C terminus and full-length (Fig-
ures 2C and S2B; Table S1), whereas co-overexpressed
LRRC45C-Flag and LRRC45N-GFP could not recruit each other
in HeLa cells (Figure S2C). Based on this information, we spec-
ulate that LRRC45 may first form a dimer through its tail domain
and then further laterally and longitudinally, homopolymerize to
form an elongated filament structure by tail-to-tail and head-
to-tail domain interactions.
Considering that LRRC45 could form the fiber-like structures
between the centrioles (Figure 1G), we sought to examine its
function in centrosome cohesion by siRNA-mediated depletion.
In U2OS cells, the connection of the two centrosomes is tight
during interphase, and the distance between them usually
does not exceed 2 mm. If the distance is larger than 2 mm, the
connection between the centrosomes is thought to be destroyed
and called centrosome splitting (Meraldi and Nigg, 2001). We
measured the centrosome distance of U2OS cells in interphase
and found that more than 32%of cells showed centrosome split-
ting after depletion of LRRC45, compared with only 12% in
control siRNA-treated cells (Figures 2D–2F). Because C-Nap1
is required for centrosome cohesion (Fry et al., 1998), C-Nap1
siRNA was used as a positive control (Figures S3A and S3B).
Centrosome linker dissolution starts at G2/M phase (Bahe
et al., 2005; Mayor et al., 2002). Therefore, the centrosome sep-
aration may already have happened in some late G2 phase cells.
To exclude this possibility, we first investigated whetherports 4, 1100–1107, September 26, 2013 ª2013 The Authors 1101
Figure 1. LRRC45 Is a Centrosome Protein Located between and at the Proximal Ends of the Centrioles
(A–C) Immunofluorescence of LRRC45 (green), g-tubulin (red, A), Cep170 (red, B), and C-Nap1 (red, C) in U2OS cells is presented. DNA was stained with DAPI
(blue) in all figures of this paper. Arrowheads point to LRRC45 between the centrosomes. Scale bars represent 5 mm.
(D) Immunoelectron microscopic images of the centrosomes are shown. Cells were labeled with anti-LRRC45 antibody followed by the nanogold-coupled
secondary antibody. Arrowheads point to the endogenous LRRC45 at the proximal ends of the centrioles. Controls used secondary antibody only. Scale bar
represents 200 nm.
(E and F) Immunofluorescence of LRRC45 (green), rootletin (red, E), and acet-tubulin (red, F) in U2OS (E) andMEF cells (F), respectively, is presented. Arrowheads
point to LRRC45 between the two centrioles. Scale bar represents 5 mm.
(G) 3D-SIM images of U2OS cells double immunostained with antibodies against LRRC45 (green) and rootletin (red) are shown. Arrows point to the ring-like
structure at the distal end of the mother centriole. Arrowheads point to the fiber-like structures between the centrioles. Scale bars represent 500 nm.
(legend continued on next page)
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Figure 2. LRRC45 Could Form Filament-
like Structures and Maintain Centrosome Cohe-
sion
(A) HeLa cells were transfected with LRRC45-GFP or
LRRC45C-GFP and were immunostained for g-tubulin
(red). Arrowheads point to the centrosome localization.
Scale bar represents 5 mm.
(B) Electron microscopic images of LRRC45 full-length
(FL) or LRRC45C-GFP filaments in U2OS cells are
shown. Scale bar represents 500 nm.
(C) Immunoprecipitation (IP) with anti-Flag antibody
was performed in 293T cells with co-overexpressed
LRRC45-GFP and LRRC45-Flag truncates. Immuno-
blotting (IB) was detected with anti-GFP antibody.
(D) Immunoblots show the effective depletion of
LRRC45 by siRNA in U2OS cells and rescued
by overexpressing resLRRC45-Flag. res, siRNA resis-
tant.
(E) Immunostaining of LRRC45 (green) and g-tubulin
(red) in control and LRRC45 siRNA-transfected U2OS
cells is presented. Scale bar represents 5 mm.
(F) Quantification of the cells with centrosome splitting
from (E) and rescue experiments is shown. Centro-
somes were counted as split when the distance be-
tween two centrioles was >2 mm (n = 3; >100 cells per
experiment). U2OS cells were treatedwith the indicated
siRNA. Data are mean ± SEM. **p < 0.01; n.s., not
significant.
See also Figures S2 and S3, and Table S1.depletion of LRRC45 would affect the cell-cycle progression.
The flow cytometry results showed that there was no significant
cell-cycle arrest in LRRC45-depleted U2OS cells (Figure S3C).
Then, we synchronized U2OS cells to G1 phase and G2 phase,
respectively, and confirmed that the ratios of centrosome split-
ting in synchronized G1 and G2 phases of LRRC45-depleted
cells were around 31% and 39%, compared with around 10%
and 20% in control cells, respectively (Figures S3D and S3E),
which was consistent with that in asynchronous U2OS cells (Fig-
ures 2E and 2F). Furthermore, we found that only overexpressing
the full-length and the C terminus of siRNA-resistant LRRC45
(resLRRC45) could partially rescue the centrosome-splitting
phenotype in LRRC45-depleted cells, whereas the N terminus
could not, even though fused with a centrosomal localization
domain (PACT domain) (Gillingham andMunro, 2000) (Figure 2F).
Collectively, these results indicate that the ability of forming
fiber-like structures is essential for LRRC45 to maintain centro-
some cohesion.
C-Nap1 and rootletin have been previously reported to be the
important centrosome linker components involved in centro-
some cohesion (Bahe et al., 2005; Nigg and Stearns, 2011),(H) Schematic of LRRC45 truncates is presented. LRR domains are light blue; coiled-coil domains are y
negative.
(I) Immunostaining of g-tubulin (red) in HeLa cells transfected with LRRC45-GFP truncates is shown. Arro
represents 5 mm.
See also Figure S1.
Cell Reports 4, 1100–1107,prompting us to examine the relationships
among LRRC45, C-Nap1, and rootletin. First,
we co-overexpressed C-Nap1-GFP andLRRC45-Flag in HeLa cells and found that C-Nap1-GFP was co-
localized with the filaments of LRRC45-Flag in these cells rather
than forming dot-like aggregates in cells overexpressing
C-Nap1-GFP alone (Figure 3A). Moreover, coimmu-
noprecipitation results showed that LRRC45 interacted with
C-Nap1 through its C terminus (Figures 3B and S4A). We further
mapped their interaction domain by yeast two-hybrid assay and
found that the C terminus of LRRC45 directly interacted with the
C terminus (1,852–2,442 aa) of C-Nap1 (Table S1). We next
asked whether depletion of C-Nap1 would impair the centroso-
mal localization of LRRC45 or vice versa. Depletion of LRRC45
affected neither the expression level nor the centrosomal locali-
zation of C-Nap1 (Figures 3C, 3E, and S4C). Although the
expression level of LRRC45 also did not detect change after
depleting C-Nap1, the fluorescence intensity of LRRC45 at the
proximal ends of the centrioles significantly decreased (Figures
3C, 3D, and S4B), suggesting that the localization of LRRC45
at the proximal ends of the centrioles is dependent on C-Nap1.
Next, we tested whether LRRC45 interacts with rootletin. The
coimmunoprecipitation results showed that LRRC45-Flag inter-
acted with the middle region (675–1,340 aa) of rootletin-GFPellow. Cent, the centrosomal localization; +, positive; ,
wheads point to the centrosomal localization. Scale bar
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Figure 3. LRRC45 Interacts with C-Nap1 and Rootletin
(A) Immunostaining of LRRC45-Flag (red) in U2OS cells overexpressing C-Nap1-GFP alone or together with LRRC45-Flag is shown. Scale bar represents 5 mm.
(B) LRRC45-Flag and C-Nap1-GFP coimmunoprecipitated with anti-Flag and anti-GFP antibodies in lysates of 293T cells co-overexpressing LRRC45-Flag and
C-Nap1-GFP.
(C) Immunostaining of C-Nap1 (red) and LRRC45 (green) in U2OS cells after transfection with control, C-Nap1 siRNA, or LRRC45 siRNA, is presented. Arrow-
heads point to the localization of LRRC45 at the proximal ends of the centrioles. Scale bar represents 5 mm.
(D and E) Quantification of the fluorescence intensity of C-Nap1 and LRRC45 at the proximal ends of the centrioles in C-Nap1 siRNA-treated (D) and LRRC45
siRNA-treated (E) cells from (C) (n = 3; > 100 cells per experiment) is shown.
(F) Lysates of 293T cells co-overexpressing LRRC45-Flag and rootletin-GFP truncates (1–674, 675–1,340, and 1,341–2,017 aa) were subjected to immuno-
precipitation assay and were immunoblotted with anti-GFP and anti-Flag antibodies. Asterisk indicates the IgG heavy chain.
(G) Immunostaining of LRRC45-Flag (red) in U2OS cells co-overexpressing rootletin-GFP and LRRC45-Flag is presented. Rectangular areas aremagnified. Scale
bar represents 5 mm.
(H) Quantification of the cells with centrosome splitting in the indicated siRNA-treated U2OS cells is shown. Centrosomeswere counted as split when the distance
between two centrioles was >2 mm (n = 3; >100 cells per experiment).
Data are mean ± SEM. **p < 0.01. See also Figure S4 and Table S1.(Figure 3F). Furthermore, we co-overexpressed LRRC45-Flag
and rootletin-GFP in HeLa cells and observed that they were
partially colocalized with each other (Figure 3G). Because1104 Cell Reports 4, 1100–1107, September 26, 2013 ª2013 The Auendogenous LRRC45 also partially colocalizes with rootletin
(Figures 1E and 1G), we speculate that LRRC45 could form rela-
tively independent and weaker fiber-like structure connectionsthors
between the proximal ends of the centrioles in vivo, although
parts of LRRC45may cooperate with rootletin. Indeed, depletion
of LRRC45 had no significant effect on the centrosomal localiza-
tion of rootletin, and vice versa (Figures S4D and S4E). In addi-
tion, more than 71% of cells displayed centrosome splitting after
depletion of both LRRC45 and rootletin, whereas there was no
significant difference from depletion of rootletin alone (69%)
(Figure 3H). These results confirm the speculation that LRRC45
partially cooperates with rootletin to maintain the connection
between the centrosomes.
C-Nap1 and rootletin are phosphorylated and dissociated
from the centrosomes during mitosis (Bahe et al., 2005; Mayor
et al., 2002). Immunofluorescence microscopy showed that the
localization of LRRC45 at the proximal ends of the centrioles
also became weak when cells enter prophase and almost dis-
placed in metaphase, whereas the localization of LRRC45 at
the distal end of the mother centriole did not change during
the cell cycle (Figures S1F and S1G). Therefore, we tested
whether LRRC45, like C-Nap1 and rootletin, is regulated by
phosphorylation during the cell cycle. An upshifted band of
LRRC45 was detected in immunoblots of premitotic and mitotic
cell lysates compared with that of cells in interphase (Figures
S1H and S4F), whereas the l-PPase treatment completely elim-
inated this band (Figure 4A). These data indicate that LRRC45 is
phosphorylated during mitosis. By mass spectrometric anal-
ysis, we identified a specific phosphorylation site, S661, in
LRRC45 during mitosis, and this site was conserved among
many eukaryotes (Figure 4B). To explore the function of the
phosphorylation at S661, we then generated the nonphosphor-
ylatable and phosphomimicking mutants S661A and S661D,
respectively. Overexpression of LRRC45C-S661D showed a
globular aggregate distribution, which was different from fila-
ment structures formed by overexpressed wild-type (WT)
LRRC45C and the nonphosphorylatable mutant LRRC45C-
S661A (Figure 4C). These results suggest that phosphorylation
of LRRC45 at the S661 site affects the assembly of its filament
structures.
Nek2A, a cell-cycle-regulated kinase enriched at the centro-
some, is required for inducing the disassembly of centrosome
cohesion proteins, such as C-Nap1 and rootletin (Mardin and
Schiebel, 2012; Mayor et al., 2002). To investigate whether
LRRC45 is regulated by Nek2A, we first tested their relationship
by using coimmunoprecipitation and yeast two-hybrid assay.
The results showed that the C terminus of LRRC45 strongly
interacted with Nek2A (Figure 4D; Table S1). Then we co-overex-
pressed GFP-tagged WT Nek2A and the catalytically inactive
(kinase-dead) mutant Nek2A-K37R (Fry, 2002; Hames and Fry,
2002) with LRRC45-Flag in HeLa cells. Excessive WT Nek2A
resulted in the failure of LRRC45-Flag to form filament
structures but, instead, formed dot-like aggregates, whereas
overexpressed Nek2A-K37R showed no detectable effects on
the formation of LRRC45 filament structures (Figure S4G).
Furthermore, WT Nek2A, but not Nek2A-K37R, retarded the
bandmobility of LRRC45 (Figure 4E), suggesting that phosphory-
lationof LRRC45byNek2A is responsible for this band shift. Inter-
estingly, WT Nek2A could hardly phosphorylate LRRC45-S661A
(Figure 4E). To further confirm whether Nek2A phosphorylates
LRRC45 at the S661 site, we purified GST-tagged WT andCell ReS661A mutant of LRRC45C and subjected them to an in vitro
kinase assay. The autoradiography results showed that WT
LRRC45C could be phosphorylated by WT Nek2A, whereas
S661A mutant almost abolished the phosphorylation of
LRRC45CbyNek2A (Figure 4F). Thus, LRRC45 is phosphorylated
by Nek2A, and S661 is at least one of the phosphorylation sites.
Furthermore, overexpression of WT Nek2A led to a decrease in
the centrosomal localization of endogenous LRRC45 in inter-
phase, whereasNek2A-K37R had no detectable effect on its cen-
trosomal localization (Figures 4Gand 4H). In addition, depletion of
Nek2A led to a loss of the upshifted band of LRRC45 during
mitosis (Figure S4H). The localization of LRRC45 at the proximal
ends of the centrioles was also significantly increased in the
mitoticcells after depletionofNek2A (Figure 4I, arrows; Figure 4J).
Together, the Nek2A-induced displacement of LRRC45 from the
centrosomes could be caused by the disassembly of LRRC45
fiber-like structures and the dissociation of C-Nap1 from the
centrosome.
In summary, LRRC45 is localized at the proximal ends of the
centrioles and formed fiber-like structures between them. Its
overexpression could self-assemble to form filament structures.
Moreover, LRRC45 binds to the centrosome linker protein
C-Nap1 and partially cooperates with rootletin to participate in
centrosome cohesion. At the onset of mitosis, LRRC45 is phos-
phorylated by Nek2A and displaces from the centrosomes. The
untethered centrosomes then separate, and spindle assembly is
initiated (Figure 4K). Thus, LRRC45, as a centriole-associated
linker component, is required for centrosome cohesion. How-
ever, the localization of LRRC45 at the distal end of the mother
centriole seems not to be regulated by Nek2A (Figure S1F);
further experiments will be needed to characterize the function
of LRRC45 in this region.
EXPERIMENTAL PROCEDURES
Plasmid Construction
Human LRRC45 (accession number NM_144999) and all LRRC45 fragments
were amplified by PCR and cloned into pEGFP-N3 (Clontech Laboratories)
and p33Flag-CMV-14 (Sigma-Aldrich). Rootletin was PCR amplified from
pACT2-rootletin provided by E.A. Nigg (University of Basel, Basel) (Bahe
et al., 2005) and cloned into pEGFP-C1 (Clontech Laboratories). Nek2A WT
and K37R were PCR amplified from pEGFP-Nek2A, which was provided
by A.M. Fry (University of Leicester, Leicester) (Fry et al., 1998), and cloned
into p33Flag-CMV-7.1. pEGFP-C-Nap1 was provided by K. Rhee (Seoul
National University, Seoul) (Kim et al., 2008). The PACT domain of AKAP450
(3,699–3,790 aa) was amplified by PCR.
Antibodies
Rabbit polyclonal anti-LRRC45 antibody was generated using GST-LRRC45
(397–510 aa) as antigen. The following antibodies were also used: anti-
a-tubulin (DMIA; Sigma-Aldrich); anti-g-tubulin (GTU88; Sigma-Aldrich); anti-
GAPDH (Biolinks); anti-rootletin (Santa Cruz Biotechnology); anti-C-Nap1
(Santa Cruz Biotechnology); anti-Nek2 (BD Transfection Laboratories); anti-
Flag (M2; Sigma-Aldrich); and anti-GFP (rabbit polyclonal antibody, produced
in our lab; mousemonoclonal antibody [MBL International]). The following fluo-
rescent secondary antibodies were used: Alexa Fluor 488/568-conjugated
goat anti-mouse/rabbit IgG (Molecular Probes).
Gene Silencing by siRNA
The siRNAs used in this study were from Invitrogen, and the sequences were
as follows: LRRC45, 50-CCAACAGAACAAGUCCAUU-30 and 50-CCAAG
CACAGUUCCUCGACUU-30; C-Nap1, 50-UUCUCCGAACGUGUCACGU-30;ports 4, 1100–1107, September 26, 2013 ª2013 The Authors 1105
Figure 4. Nek2A Phosphorylates LRRC45
and Affects Its Centrosomal Localization
(A) Immunoblots of LRRC45 in mitotic HeLa cell
lysates were treated with l-PPase. Cells were
synchronized by nocodazole treatment.
(B) Mass spectrometry analysis shows phos-
phorylation of LRRC45 at the S661 site during
mitosis. Lysates from mitotic U2OS cells over-
expressing LRRC45-Flag were enriched with anti-
Flag antibody and then subjected to a mass
spectrometry analysis.
(C) Images of overexpressed GFP-tagged
LRRC45C WT, S661A, and S661D mutants in
HeLa cells are shown. Scale bar represents 5 mm.
(D) Lysates of 293T cells co-overexpressing
Nek2A-GFP and LRRC45-Flag truncates were
immunoprecipitated with anti-GFP antibody and
were immunoblotted with anti-GFP and anti-Flag
antibodies.
(E) Lysates of U2OS cells co-overexpres-
sing LRRC45-WT- or LRRC45-S661A-Flag with
Nek2A-WT- or Nek2A-K37R-GFP were separated
with Phos-tag SDS-PAGE and then were im-
munoblotted using anti-Flag antibody.
(F) GST-tagged LRRC45C-WT and LRRC45C-
S661A mutants were subjected to a Nek2A kinase
assay in vitro followed by autoradiography. Coo-
massie blue (CBB) staining showed the loading
level of GST-tagged proteins.
(G) Immunostaining of endogenous LRRC45 in
U2OS cells transfected with Nek2A-WT- or
Nek2A-K37R-GFP. Scale bar represents 5 mm.
(H) Quantification of the normalized fluorescence
intensity of LRRC45 at the centrosomes from (G)
(n = 3; >100 cells per experiment) is shown.
(I) Immunostaining of centrin-3 (red) and LRRC45
(green) in U2OS cells after transfection with control
or Nek2A siRNA is presented. Arrowheads point to
the localization of LRRC45 at the proximal ends of
the centrioles. Rectangular areas are magnified.
Scale bar represents 5 mm.
(J) Quantification of the fluorescence intensity of
LRRC45 at the proximal ends of the centrioles
from (I) (n = 3; >100 cells per experiment) is
shown.
(K) Model for the role of LRRC45 in centrosome
cohesion is illustrated. In interphase, LRRC45, at
the proximal ends of the centrioles, binds to
centrosome linker protein C-Nap1 and partially cooperates with rootletin to participate in centrosome cohesion. In mitosis, LRRC45 is phosphorylated by Nek2A
and displaces from the centrosomes. The untethered centrosomes then separate, and the spindle assembly is initiated.
Data are mean ± SEM. **p < 0.01. See also Figure S4 and Table S1.rootletin, 50-AAGCCAGTCTAGACAAGGA-30; Nek2A, 50-AAACAUCGUUC
GUUACUAU-30; and negative control siRNA, 50-UUCUCCGAACGUGUGU
CACGU-30. All siRNAs were transfected as described and analyzed 48 hr
after transfection (Wu et al., 2012). To generate resLRRC45, four silent
mutations were introduced into the LRRC45 sequence targeted by siRNA
(50-CCAACAGAACAAGTCCATT-30 was mutated to 50-CCAACAAAATAAAT
CAATT-30).
Measurements and Statistical Analysis
Scion Image and ImageJ software was used to measure the fluorescence
intensity and centrosomal distance, respectively. The detailed methods of
measurements were followed by the previous study by Mardin et al.
(2010). Statistical significance was determined by unpaired two-tailed Stu-
dent’s t test.1106 Cell Reports 4, 1100–1107, September 26, 2013 ª2013 The AuCell Culture and Protein Methods
Cell culture and protein methods were carried out as described by Wu et al.
(2012). For details, see the Extended Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, four
figures, and one table and can be found with this article online at http://dx.
doi.org/10.1016/j.celrep.2013.08.005.
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